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Abstract 



10 ■ A report on neutrino masses, mixing and oscillations, made in 

^ I Dubna at the symposium dedicated to 100 years of the Rutherford's 

discovery of atomic nucleus, is presented. We start with the hypothe- 
sis of neutrino which was proposed by W. Pauli in December 1930 in 
order to solve some problems of nuclei (the problem of spin of '^A^i4 
and other nuclei and the problem of continuous /3-spectra) . After that 
r~| ' we consider the theory of massless two-component neutrino and first 

ideas of neutrino oscillations which were put forward by B. Pontecorvo 
^SJ I in Dubna in 1957-58. The present status of neutrino mixing and oscil- 

■ lations is briefly reviewed. The seesaw mechanism of the generation of 

(<~^ . small Majorana neutrino masses is discussed and neutrinoless double 

', /3-decay of nuclei is considered. A possibility to probe the Majorana 

^ ' mass mechanism of the Oz^/3/3-decay is discussed. 

in 
o 

1 Introduction 

^. , Idea of neutrinos was proposed by W. Pauli on December 4th 1930 in order to 

I solve a problem of spin of ''N14 and other nuclei and to explain a continuous 

.c^.' /9-spectra of nuclei. 

During many years after the Rutherford's discovery of atomic nucleus nu- 
clei were considered as bound states of protons and electrons, the only known 
at that time elementary particles. There were two fundamental problems in 
the framework of this assumption. 

1. The /3-decay of a nucleus in this model is two-particle decay {A, Z) — >• 
{A,Z + 1) + e~. From the conservation of energy and momentum 



^ A report at the symposium " 100th anniversary of the discovery of atomic nucleus" 
March 10-11, 2011, JINR, Dubna, Russia. 
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follows in this case that electrons produced in a /3-decay must have 
definite energy, practically equal to the mass difference of the initial 
and final nuclei. In experiments, however, continuous /3-spectra were 
observed. 

2. There was also a problem of spin of some nuclei. For example, ^Ni4 
nucleus from the point of view of proton-electron model is a bound 
state of 14 protons and 7 electrons. It must have half-integer spin. 
On the other side, from measurements of spectra of molecular nitrogen 
followed that ^Ni4 nuclei satisfy Bose-Einstein statistics and according 
to the theorem on connection between spin and statistics the spin of 
^Ni4 nucleus must be integer. 

Analyzing these nuclear problems Pauli came to the conclusion that they can 
be solved only if we assume that exist a new particle. In order to explain 
continuous /9-spectra we need to assume that in the /9-decay of a nucleus not 
only electron but also another particle is emitted. Pauli called this particle a 
"neutron". He assumed that the "neutron" has spin 1/2 and its interaction 
with matter is much weaker that the interaction of photon (in order not to 
be observed in the /3-decay experiments). Pauli also assumed the "neutron" 
together with protons and electrons is a constituent of nuclei. This allowed 
him to solve the problem of spin of '^Ni4 and other nuclei. 

Pauli assumed that the new particle has a mass. In his famous letter 
addressed to the participants of the nuclear conference in Tiibingen he wrote 
"The mass of the neutrons should be of the same order of magnitude as the 
electron mass and in any event not larger than 0.01 of the proton mass". 

In 1932 soon after the discovery of the neutron by Chadwick it was sug- 
gested by Heisenberg, Majorana and Ivanenko that nuclei are bound states of 
protons and neutrons. The proton-neutron theory could explain all nuclear 
data. The problem of the spin of '^Ni4 and other nuclei disappeared. In fact, 
in the framework of proton-neutron model ^Ni4 is a bound state of 7 protons 
and 7 neutrons and has integer spin (in accordance with experimental data). 
What about /3-decay and continues /3-spectrum? 

In the framework of proton-neutron structure of nuclei the problem of 
the /3-decay of nuclei was solved by E. Fermi in 1933-34 p!]. Fermi accepted 
the Pauli hypothesis of the existence of a neutral, light, weakly interacting 
particle which is emitted together with electron in the /3-decay of nuclei. 
After discovery of the neutron he proposed to call this particle neutrino 
(from Italian neutral, small). Fermi understood that electron-neutrino pair 
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is produced in the quantum transition of a neutron inside of a nucleus into 
the proton 

n ^ p + e~ + u (1) 

By analogy with electrodynamics Fermi proposed the first (vector) Hamilto- 
nian of the /3-decay 

Ki = Cppl^n e'jai^ + h.c, (2) 

where G^? is a constant which has dimension M~^. The Hamiltonian ([2]) 
provides the transition ([T]). 

In the paper on the /3-decay Fermi proposed a method of the measurement 
of the neutrino mass. The method was based on the high-accuracy measure- 
ment of the end-point part of the electron spectrum in which neutrino energy 
is comparable with neutrino mass|§ 

The Fermi- Perrin idea was realized in experiments performed by G. Hanna 
and B. Pontecorvo [3] and S. Curran et al [1| in 1949. In these experiments it 
was found that the upper bound of the neutrino mass is much smaller than 
the electron mass 

< 500 eV ~ 10~^ m^. (3) 

Idea of neutrino and neutrino mass is drastically changed after it was dis- 
covered that in weak processes the parity P (and charge conjugation C) are 
violated (1957). In order to explain large violation of the parity in the /3- 
decay and other weak decays Landau [5], Lee and Young [6] and Salam [7] 
proposed the theory of the two- component neutrino. 

Taking into account that the upper bound of the neutrino mass is much 
smaller than the electron mass, Landau, Lee and Young and Salam as- 
sumed that neutrino mass is equal to zero. In this case the left-handed 
(right-handed) component of the neutrino field //^.(x) = u{x) (z^if,(x) = 
iy{x)) satisfies the Dirac equation 

tl'^d^ULA^) = 0. (4) 

Thus, if neutrino mass is equal to zero, the neutrino field can be //^(x) or 
vr{x). For the most general four-fermion Hamiltonian of the /3-decay we 
have in this case 

Hi = Y,'^iPOineO'UlTl^)i^ + ^-c.. (5) 



^The same method of the measurement of the neutrino mass was proposed also by 
Perrin p]. 
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Here 

Oi 1, 7a, aap, 7a75, 75- 

and Gi are interaction constants. 

It follows from ([5]) that in the case of the two- component neutrino theory 
the scalar and pseudoscalar parts of the Hamiltonian are characterized by 
the same constants. This assures large violation of parity in the /9-decay in 
accordance with the result obtained in the Wu et al. ^ and other experiments 

According to the two-component neutrino theory neutrino is a particle 
with definite helicity (negative in the case of z/i(a;)-field and positive in the 
case of z//{(a;)-field). This important prediction of the two-component neu- 
trino theory was perfectly confirmed in the spectacular Goldhaber et al. 
experiment [S]. In this experiment the circular polarization of 7's produced 
in the chain of reactions 

e" +^^2 Eu ^ z/ + i52g^* 

i 

^s^Sm + 7 

was measured. Spins of ^^^Eu and ^^^Sm are equal to zero and the spin of 
^^^Sm* is equal to one. From the conservation of momentum follows that 
from the measurement of the circular polarization of 7's the neutrino helic- 
ity can be determined. It was shown in the Goldhaber at al. experiment 
that neutrino is a particle with negative helicity. Thus, the two-component 
neutrino theory was confirmed. From two possibilities (i^L(a;) or urIx)) the 
experiment allowed to choose ^'l(x). 

The two-component neutrino theory played an extremely important role 
in the development of the theory of weak interaction (inspite, as we know 
now neutrino masses are different from zero). The phenomenological V — A 
theory of Feynman and Gell-Mann[T(J] and Marshak and Sudarshan pTj was 
a generalization of the two-component neutrino theory: it was based on the 
assumption that in the charged current (CC) Hamiltonian of the weak in- 
teraction enter left-handed components of all fields. The unified theory of 
the electroweak interaction (Standard Model) is based on the assumption 
that left-handed quark, lepton and neutrino fields are components of SU (2) 
doublets and, correspondingly, only left-handed fields enter into the CC elec- 
troweak interaction. 
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On the other side, because of the two-component neutrino theory during 
many years physicists believed that neutrinos are massless particles. 

The first physicist who started to think about a possibihty of a small 
neutrino mass was B. Pontecorvo (1957-58). He believed in a symmetry 
between weak interaction of hadrons and leptons and look for an analogy of 
the ^ oscillations in the lepton sector. He considered first (yU~e"'") 
[li^e~) oscillations. In the paper on muonium-antimuonium oscillations [12] 
Pontecorvo mentioned a possibility of neutrino oscillations: 

"If the two-component neutrino theory turn out to be incorrect (which 
at present seems to be rather improbable) and if the conservation law of 
neutrino charge would not apply, then in principle neutrino <=^ antineutrino 
transitions could take place in vacuum." 

At that time only one type of neutrino was known. By analogy with 

— system B. Pontecorvo assumed that 

= ^{\yiL) + \v2l), = -^(Iz/il) - |z/2l)), (6) 

w\ieie\vii) and \v2l) are states of the Majorana neutrinos with masses mi 

and mi and negative helicity, Iz/^) is the state of the left-handed neutrino 

and is the state of the left-handed antineutrino [f] 

In the first paper on neutrino oscillations |T3] B. Pontecorvo wrote: 

" ...the number of events v + p e'^ +n with reactor antineutrino would 

be smaller than the expected number. It would be extremely interesting to 

perform the Reins-Cowan experiment at different distances from reactor." 

This prediction many years later was confirmed in the KamLAND reactor 

experiment. 

In 1967 in paper [H] B. Pontecorvo considered all possible transitions 
between v^. and and applied the idea of neutrino oscillations to the solar 
neutrinos. He wrote 

"..due to neutrino oscillations the observed flux of solar neutrinos could 
be two times smaller than the expected flux" 

Three years later in the Homestake neutrino experiment by R. Davis the 
first data were obtained (see [I5]). It was found in this experiment that the 

■^According to the two-component theory with the left-handed field vl{x) neutrino is 
left-handed particle and antineutrino is right-handed particle. The left-handed antineu- 
trino (right-handed neutrino) are quanta of the right-handed field vr{x) which does not 
enter into the Hamiltonian of the weak interaction. Thus, i^jj and have no weak inter- 
action. B. Pontecorvo proposed to call these particles sterile. 
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upper bound on the flux of tlie solar neutrinos was (2-3) times smaller than 
the flux predicted by the standard solar model. This was called the solar 
neutrino puzzle. B. Pontecorvo envisaged "the puzzle". 

In 1969 V. Gribov and B. Pontecorvo |T6] considered two-neutrino os- 
cillations in the case of two massive Majorana neutrinos. They derived the 
expression for the two-neutrino transition probability in vacuum and applied 
it to the solar neutrinos. 

Starting from 1975 many papers on neutrino oscillations were published 
by S. B. and B. Pontecorvo (see tl2j)- We developed phenomenological theory 
of the neutrino oscillations, consider all possible neutrino mass terms (Dirac, 
Majorana, Dirac and Majorana) and discussed possible neutrino oscillation 
experiments. 

At that time nobody knew values of neutrino masses and mass-squared 
differences. Our main ideas were the following 

1. Neutrino oscillations necessary to search for in all possible neutrino 
experiments (solar, reactor, accelerator, atmospheric) because they are 
sensitive to different values of neutrino mass-squared differences. 

2. Because neutrino oscillations is an interference phenomenon the search 
for neutrino oscillations is the most sensitive way to look for small 
neutrino mass-squared differences. 

In 1977 at the time when majority of physicists believed in two-component 
massless neutrinos we wrote the first review on neutrino oscillations [T8] . 
This review attracted attention of many physicists to the problem of neutrino 
masses, mixing and oscillations. 

In four years after the first B. Pontecorvo paper on neutrino oscillations, 
Maki, Nakawa and Sakata [12] on the basis of a model, in which nucleons 
were considered as a bound states of neutrinos and some vector bosons, 
came to an idea of massive neutrinos and neutrino mixing. In connection 
with Brookhaven neutrino experiment (1962) they discussed "virtual trans- 
mutation" of z/^ — )■ I^e- 

In the eighties special experiments on the search for neutrino oscillations 
with neutrinos from reactors and accelerators were performed. No indications 
in favor of the neutrino oscillations were found in these experiments. On 
the other side, in experiments with solar and atmospheric neutrinos some 
evidence for neutrino oscillations was obtained. This was the situation with 
neutrino oscillations before 1998. 
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In 1998 golden years of neutrino oscillations started. In 1998 the first 
model independent evidence for neutrino oscillations was obtained in the 
Super-Kamiokande experiment [20]. In this experiment a significant up-down 
asymmetry of the atmospheric high-energy muon events was discovered. In 
2001-2004 in the SNO solar neutrino experiment model independent proof of 
the transition of solar z/g into and Vr "was obtained [21]. In this experiment 
it was shown that the ratio of the flux of the solar z/g to the total flux of Uf., 
and Ur is approximately equal to 1/3. In 2002-2004 in the reactor KamLAND 
experiment [22] a model independent evidence in favor of the disappearance 
of the reactors Ue was found. In this experiment a significant distortion of 
the spectrum of the reactor antineutrinos was found. 



2 Neutrino oscillations 

We start with the discussion of the basics of the neutrino oscillation. Analysis 
of the neutrino oscillations is based on the following assumptions (see, for 
example, [23] ) 

1. Interactions of flavor neutrinos is given by the Standard Model CC and 
NC Lagrangians. The Lagrangian of the CC interaction of neutrinos, 
leptons and W is given by the expression 

= E ''iL{x)ialL{x) W-{x)+h.c. (7) 

All existing weak interaction data are in agreement with this assump- 
tion. 

2. The fleld of the flavor neutrinos z// is the "mixed fleld" 

3 

= E Uli Viiix). (8) 

i=l 

Here U is an unitary 3x3 PMNS [121 [12] mixing matrix and Vi{x) is 
the fleld of neutrino (Dirac or Majorana) with mass mj. 

3. From (|8]) follows that flavor neutrino z//, which is produced in CC weak 
processes together with /+, is described by the mixed state 

3 
i=l 
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where is the state of neutrino with mass and 4-momentum pi. 

4. The probabihty of the transition fi — >■ z/;/ in vacuum is given by the 
following expression 

^ — _ Am?.L _ _ Am?-L 

(10) 

Here Am^- = mf — m|, L is the distance between neutrino source and 
neutrino detector and E is the neutrino energy. 

The expression (fTOj) follows from the Schrodinger equation for the quantum 
states. In fact, we have 

\yi)t = e-^^* k,) = X^e-^^'*f/,: = J2 kr)Ef//'.e-^^'*f/,:). (11) 

1=1 l'=e,fi,T i=l 



For ultrarelativistic neutrinos we have 



2 

mf 



E^^p. + ^ (12) 



Assuming pi = pk, from ( ITT|) and (1121) we easily obtain the expression (iTOl) . 

From the data of the LEP experiments on the measurement of the width 
of the decay Z ^ ui + i?i follows that the number of the flavor neutrinos is 
equal to three {n^ = 2.9840 ± 0.0082). 

If the number of massive neutrinos z/j is equal to the number of the flavor 
neutrinos, neutrino transition probabilities in vacuum are characterized by 
six parameters: two mass-squared differences, three mixing angles 612, ^23 
and 6^13 and CP phase S. 

Two neutrino mass spectra are compatible with existing data in the case 
of the tree massive neutrinos: 

1. Normal spectrum (NS) mi < m2 < m^, Am^2 ^ ^^23 

2. Inverted spectrum (IS) m^, < mi < m2, Ami2 ^ jAm^gl 

Notices that notations for neutrino masses are different for NS and IS spec- 
tra. Let us determine atmospheric and solar mass-squared differences in the 
following way: 

Am^ = Am23(NS) = |Am?3|(IS), Am| = Am22(NS) = Am^2(IS). (13) 
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From analysis of the existing neutrino oscillation data follows that Am| is 
much smaller than Am\ and the angle 613 is small: 

Ami ~1 Ami, sin^ ^13 < 4 ■ IQ-^. (14) 

If we take into account these relations we can easily show (see [23]) that in 
atmospheric, reactor and accelerator neutrino oscillation experiments domi- 
nant transitions are described by simple two- neutrino expressions. In fact, in 
atmospheric and accelerator experiments we have ~ 1 and ^ 1. 

Neglecting small contributions of ^ye~ ^^^^ ^i3' easily find that domi- 
nant transitions in atmospheric and accelerator experiments are — ?• Ur and 
J^iJL ^ i^T- For the i/^ (z/^) survival probability from (fTOl) we find the following 
expression 

P(^^M ^ '^m) = Pl'^M '^m) - 1 - ^sin2 2^23 (1 - COS Ami -^). (15) 

Neglecting contribution of sin^^is, for the survival probability in reactor 
KamLAND experiment ( ~ 1) we have 

P(z7e ^ Z7e) = 1 - 5^ P(z>e ^ " 1 " ^ siu^ 2^i2 (1 " COsAm|A). (16) 

Thus, in the atmospheric region of the parameter ^ the leading oscillations 
[y^ ^ Vr and ^ z/,-) are determined by the parameters Am^ and sin^ 26'23. 
In the reactor KamLAND region of ^ the leading oscillations (z/g ^ ^iji,r) are 
determined by the parameters Am| and sin^ 2^12. Let us notice also that in 
the leading approximation the probability of solar v^. to survive is given by 
the two-neutrino expression for neutrino transition in matter which depend 
on the parameters Am| and sin^ 26'i2 and the number density of electrons 
in the sun. The existing neutrino oscillation data are well described by the 
leading approximation. 

From the two-neutrino analysis of the data of the long baseline accelerator 
experiment MINOS [24] it was inferred 

Ami = 2.32^°:^^ . 10-3 eV^ sin^ 2^23 > 0.90 (90%CL). (17) 

These values of the oscillation parameters Am^ and sin^ 2^23 are in a good 
agreement with the values of the parameters obtained from the three-neutrino 
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analysis of the data of the atmospheric Super-Kamiokande experiment |20] . 
For the normal (inverted) mass spectrum it was found 

1.9 (1.7) • 10-^ < Am\ < 2.6 (2.7) • 10"^ eV^, 0.407 < sin^ 623 < 0.583 (18) 

For the parameter sin^ 613 the following upper bound was obtained 

sin^ 013 < 0.04 (0.09). (19) 

From three-neutrino analysis of the solar and reactor KamLAND data [22] 
it was found 

Am| = 7.50l°i^ ■ 10"^ eV^ tan^ 6^ = 0.452l°-°|, sin^ = 0.020l°-°J^. 

(20) 

From analysis of the reactor CHOOZ data [25j the following bound was 
obtained 

sin2 0i3 < 4- 10^2. (21) 

Summarizing, from the analysis of the data of the present-day neutrino oscil- 
lation experiments four neutrino oscillation parameters Am|, Am\, tan^ 612 
and sin^ 26'23 were determined with accuracies (3-10)%. For the parameter 
sin^ 6*13 only upper bound was inferred from existing data. There is no infor- 
mation about the value of the CP phase 6. 

In future accelerator (T2K [26], NOvA [27]) and reactor (Double Chooz[28] 
RENO [29], Daya Bay [30]) experiments sensitivity to the parameter sin^ ^13 
will be one order of magnitude higher than in the CHOOZ experiment. 

If the value of the parameter sin^ ^13 is relatively large, a possibility to 
study CP violation in the lepton sector and a possibility to reveal the char- 
acter of the neutrino mass spectrum will appear. 

Let us also notice that from tritium experiments (Troitsk[3Tj. Mainz [32] ) 
the following bound on the absolute value of the neutrino mass was obtained 

m/3 < 2.3 eV. (22) 

The sensitivity of the future tritium experiment KATRIN[33] will be an order 
of magnitude higher (m^ ~ 0.2 eV). From existing cosmological data the 
following bound on the sum of the neutrino masses 

< (0.6- 1.0) eV (23) 
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can be inferred(see [M]). 

Atmospheric, solar, reactor and long baseline accelerator neutrino oscil- 
lation data are well described if we assume three- neutrino mixing. Exist, 
however, data of short baseline neutrino oscillation experiments which (if 
correct) require 3 + (rig = 1,2...) massive neutrinos and, correspondingly. 
Us sterile neutrinos. 

The general neutrino mixing has the form 

T^IL = ^ UliUiL, VsL = ^ UsiUiL. (24) 
i=l i=l 

Here z/j is the field of neutrino with mass m^, U is an unitary (S+n^) x (S+n^) 
mixing matrix and index s takes the values si, S2, ...Sn^. 

During many years exists an indication in favor of ^ z/g oscillations 
obtained in the accelerator short baseline experiment LSND^35j. The data of 
this experiment can be described by the two-neutrino transition probability 

P(z/^ -> z/e) ^ 1 -^sm^29ef, (1 - cosAm?4^), (25) 

where sin^ 26'e;, = 4|t/e4p|f/^4p. 

From the analysis of the LSND data it was found that P(z/^ — > z/g) = 
0.267 ± 0.067 ± 0.045. For the mass-squared difference Am^4 the following 
range 

0.2 < Ami4 < 2 eV^ 

was obtained. 

Thus, in the LSND experiment an indications in favor of neutrino oscil- 
lations with mass-squared difference, which is much larger than solar and 
atmospheric mass-squared differences, was obtained. Confirmation of the 
LSND data would be an evidence in favor of the existence of four (or more) 
massive neutrinos and sterile neutrino (s). 

In the accelerator MiniBooNE experiment [36], which was aimed to check 
the LSND result, no indications in favor of z/^ — )■ oscillations were found 
in the LSND L/E region. However, some (about 2 a) indications in favor of 
neutrino oscillations, compatible with the LSND result, were obtained in the 
i^^J. — ^ i^e channel [37] . 

Recent recalculations of the fluxes of the reactor antineutrinos[38] allow 
to reinterpret results of old reactor neutrino experiments as an indication 
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in favor of short baseline neutrino oscillations driven by Am^ ~ 1 eV^ |39] . 
In order to clarify the situation with short baseline neutrino oscillations, 
which require mixing of (at least) four massive neutrinos, new reactor and 
accelerator neutrino experiments were proposed (see ^0]). 

3 On the seesaw mechanism of the neutrino 
mass generation 

From neutrino oscillation experiments which allow to determine neutrino 
mass-squared differences we can conclude that neutrino masses are different 
from zero. On the other side, from upper bounds which were obtained from 
the results of the tritium /3-decay experiments and from analysis of the cos- 
mological data it follows that neutrino masses are small, much smaller than 
masses of quarks and leptons. 

Let us compare masses of particles of the third family. We have 



~ I.T-IO^ GeV, m,, ~ 4.7 GeV, mg < 2.3 ■ 10"" GeV, ~ 1.8 GeV. 



We believe that masses of leptons and quarks are generated by the standard 
Higgs mechanism. From (l26l) it is evident that it is very unlikely that neutrino 
masses are of the same Higgs origin. Some new (or additional) mechanism 
of the neutrino mass generation is necessary. 

Several such mechanisms were proposed. The most plausible and viable is 
the seesaw mechanism of the neutrino mass generation [H]. This mechanism 
is based on the assumption that neutrino masses are generated due to a 
beyond the SM physics at a scale A which is much larger than the electroweak 
scale V = {y/2GF)~^ ^ 246 GeV (f is the Higgs vacuum expectation value). 

At relatively small electroweak energies a new beyond the SM physics 
induce non-renormalizable effective Lagrangian of the form 



where the term £4+^, which is built from the SM fields, is invariant under 
SUl{2) X f/(l) transformations and has dimension M^"*"". 

The largest contribution comes from dimension 5 term of the effective 



(26) 




(27) 



n>l 
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Lagrangian. The only dimension 5 term has the form 

Cf = -\Y. LvLHYinCH^diLf + h.c, (28) 
v,i 

where 

are lepton and Higgs doublets, H = iT2H* , C is the matrix of the charge 
conjugation and F is a complex symmetrical matrix. It is important to 
stress that the Lagrangian (128!) does not conserve the total lepton number 
L = L, + L^ + L J 
If we put 

^ = ( f ) , (30) 

the electroweak symmetry will be spontaneously broken and the Lagrangian 
f l30|) generates the left-handed Majorana mass term 

C}' = -\Y.^VLMl;,Cvl + h.c., (31) 

VI 

where 

Ml^, = "^Yn. (32) 

After the standard procedure of the diagonalization of the symmetrical ma- 
trix Y (see [33]) we have 

Y = UyU^, (33) 

where f/ is a unitary matrix, = yiSik, Vi > 
From dSI]) and we find 

1 ^ 

= 5^ m^i/.i/,, (34) 
^ i=i 

^The effective Lagrangian (|28p can be generated in tlie second order of tlie perturbation 
theory by the lepton number violating interaction of a heavy singlet (triplet) Majorana 
fermions with lepton and Higgs doublets (type I(III) seesaw) and by the L-violating in- 
teraction of lepton doublets and a Higgs doublet with a heavy triplet scalar boson (type 
H seesaw). 
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where 



m = —Vi (35) 



and Vi{x) is the field of neutrino with mass mi. 
The field Vi{x) satisfies the condition 



i/?=(x) = Cz//(x) = i/,(x). (36) 

Thus, Vi{x) is the field of the Majorana neutrino with mass mj. The fia- 
vor field viLix) is connected with the left-handed components vnix) by the 
mixing relation 

3 

^il{x) = ^UiiUiL{x). (37) 

1=1 

From ( |35|) follows that values of the neutrino masses are determined by the 
seesaw factor 

^ (EWscale)^ ^^^^ 



A scale of a new physics 

From existing data we can estimate that A ~ (10^^ — lO"*^^) GeV. 

Thus, small Majorana neutrino masses and neutrino mixing are the only 
observable signature of a new lepton number violating physics at a large 
(GUT) scale. 

How can we test this idea? First of all we need to prove that neutrinos 
with definite masses z/j are Majorana particles. We can not prove this by the 
investigation of neutrino oscillations |44]. In fact, elements of mixing matrices 
in the Dirac and Majorana cases differ only by phases: 

U^ = Uj^e'-^. (39) 

It is obvious that Majorana phases do not enter into transition probability 

m- 

In order to reveal the Majorana nature of neutrinos with definite masses 
we need to study processes in which the total lepton number L is violated. 
The highest sensitivity to small Majorana neutrino mass can be reached via 
the investigation of the neutrinoless double /3-decay (Oz//3/3-decay) 

{A, Z) ^{A,Z + 2) + e- + e- (40) 

of ^^Ge, ^'^°Te, ^^^Xe and other even-even nuclei. 
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4 Neutrinoless double /3-decay 



The neutrinoless double /3-decay is the second order in the Fermi constant 
Gp process with virtual neutrinos. The propagator of the mixed fields VeL^x) 
is given by the expression (see[l5] 

{o|T(...(xo.r.(x.))io) = -p^EfJ / (^^) '-^^ 

X (^^) - — (2^ / ^-"'""^^V (i^) C, (41) 
where 

i 

is the effective Majorana mass. The half-life of the Oz//3/3-decay is given by 
the following general expression [ 



Ti/2{A,Z) 



\mpp\^\M{A,Z)\^G{E,,Z). (43) 



Here M{A,Z) is the nuclear matrix element (NME) and G^'^{Eo, Z) is a 
known phase-space factor (£"0 is the energy release). 

No evidence for the Oz//3/3-decay was found up to nowj§ Taking into 
account results of the different calculations of NME, from the data of the 
most precise experiments on search for the O/x^/9-decay of ''^Ge |l9], ^^"Te 
[50] and ^''^Mo [51] the following upper bounds for the effective Majorana 
mass can be inferred 

\m/3p\ < (0.20 - 0.32) eV, 

< (0.30 - 0.71) eV, 

< (0.50 - 0.96) eV. (44) 

Future experiments now under preparation (CU0RE[5^, EXO |53j. MAJO- 
RANA [5l] and others) will be sensitive tc|^ 

\m^p\ ~ a few 10"^ eV. (45) 



^Indication in favor of Oi/fip-decay of ^^Ge which was claimed by the some partici- 
pants of the Heidelberg-Moscow experiment [47] will be checked in the running GERDA 
experiment 08] . 

^High sensitivity of Oi^/3/3-decay experiments to the Majorana neutrino mass is due to 
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If the value of the hghtest neutrino mass is smaller than Am^ ^ 5 -10"^ eV, 
the value of the effective Majorana mass strongly depends on the neutrino 
mass spectrum. In the case of the neutrino mass hierarchy mi ^ m2 ^ rris 
for the neutrino masses we have 



m2 — yAml, ms ~ y Am\. (46) 

Neglecting the contribution of mi, for the effective Majorana mass we find 
the following upper bound 



cos^ ^13 sin^ 012 J Am\ + sin^ ^13 e^*"^^ J Aw? 



< 3.1 ■ 10"^ eV. 



-r oiii 1/13 ^ Y L^noj^ 

(47) 

This bound is significantly smaller that the expected sensitivity of the future 
experiments on the search for the Oz//3/3-decay. 

In the case of the inverted mass hierarchy ms ^ mi < ms for the neutrino 
masses we have 

Am| 



m3<yAm^, mi~yAm^, ma ~ y Am^(l + 3-) ~ y Am^. 

(48) 

Neglecting the contribution of sin^ ^13, for the effective Majorana mass we 
find the following expression 



\mpp\ ~ y Am^ (1 - sin^ 2 6*12 sin^ ^12) 2 , (49) 

where ai2 = a2 — ai is the difference of the Majorana phases of the elements 
Ue2 and Uei- The parameter sin^ ai2 is the only unknown parameter in the 
expression for \mpi3\ in the case of the inverted mass hierarchy. From (H9i) 
for eSffective Majorana mass we have the following range 

Am^(l - sin^ 2 ^12) < \mpp\^ < Am\, (50) 

where upper and lower bounds correspond to the case of the CP invariance in 
the lepton sector (the upper(lower) bound corresponds to the case of the equal 



such practical reasons as large mass of a source (about 1 ton or more in future experiments), 
possibilities to use low background underground laboratories, high energy resolution of 
^^Ge and other detectors etc. It is interesting that most important problem of the modern 
neutrino physics, the problem of the nature of neutrinos with definite mass, can be solved 
via investigation of nuclear processes. 
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(opposite) Majorana CP parities of ui and 1^2) ■ Using numerical values for the 
atmospheric neutrino mass-squared difference and the parameter sin^ 2 9i2 we 
have 

1.7 ■ 10"^ < \mi3,3\ < 5.1 ■ 10^2 eV (51) 

Thus, in the case of the inverted neutrino mass hierarchy the effective Majo- 
rana mass takes a value in the region of the sensitivity of the future experi- 
ments on the search for Oz//3/3-decay. If in these experiments the Oz//3/3-decay 
will be observed it will be a proof that neutrinos with definite masses are Ma- 
jorana particles and an argument in favor of the seesaw mechanism of the neu- 
trino mass generation. The measurement of the half-life of the process would 
allow to probe the standard seesaw mechanism which is based on the assump- 
tion that the total lepton number is violated at a large (A ^ (10^^—10^^) GeV 
scale. 

In fact, from ( H3|) and (150|) we obtain the following inequality [55] 

T^'^iA, Z) < T,/2{A, Z) < T^TiA, Z), (52) 

where 

Ti7^"(A^) = Amlcos^2 9i2\M{A,Z)\^GiEo,Z), 
T^TiAZ) = Am\\M{A,Z)\^G{E,,Z) (53) 

If the measured half-life of the Oi//3/3-decay of any even-even nucleus is out of 
the range fl52|) we can conclude that the Majorana neutrino mass mechanism 
is not the only mechanism of the Oi//3/3-decay. On the other side, if it will 
occur that the measured half-life is in the range f lS^ we can not make any 
conclusions about the Majorana mass mechanism because of uncertainty con- 
nected with Majorana phase difference. It is evident that for that comparison 
we need to use the information about NME (see [55]). 

5 Conclusion 

Neutrinos are exceptional particles. This is determined by the fact that neu- 
trinos are the only fundamental fermions with electric charges equal to zero. 
In the region of energies in which ^ m'^{m\) {Q is the momentum of 
virtual W [Z) boson) neutrinos have only weak interaction which is charac- 
terized by the Fermi constant Gp. As a result, neutrino is an unique tool for 
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the study of the quark structure of a nucleon (via investigation deep inelas- 
tic neutrino-nucleon scattering), for the investigation of the internal region 
of the sun where the sun energy is produced (via the detection of the solar 
neutrinos) for the study of the mechanism of the gravitational collapse (via 
the detection of the supernova neutrinos) etc. 

In the last years new aspects of neutrino physics emerged. Neutrino can 
be an unique tool which allow to reveal a new beyond the SM physics at a 
very large scale where the total lepton number is violated. 

This possibility appeared after discovery in atmospheric, solar, reactor 
and accelerated neutrino experiments of a new phenomenon-neutrino oscil- 
lations, phenomenon which was discussed for the first time in Dubna by B. 
Pontecorvo as early as 1957-58. 

Small neutrino mass-squared differences determined from the results of 
the neutrino oscillation experiments together with upper bounds on neutrino 
masses which were inferred from tritium /3-decay experiments and cosmolog- 
ical data mean that neutrinos Vi have masses different from zero but many 
orders of magnitude smaller than masses of quarks and leptons. Masses of 
quarks, leptons and neutrinos can not be of the same SM origin. Neutrino 
masses are apparently generated by a beyond the SM mechanism. 

At the electroweak scale beyond the SM physics generate nonrenormal- 
izable effective Lagrangians. The only dimension five term of the effective 
Lagrangian does not conserve the total lepton number L and after spon- 
taneous violation of the electroweak symmetry gives the Majorana neutrino 
mass term and seesaw suppressed Majorana neutrino masses. From this point 
of view the search for effects of the nonconservation of L, induced by small 
Majorana neutrino masses, is the search for a new physics at a large GUT 
scale. The search for ncutrinoless double /9-decay of even-even nuclei is the 
only practical way to study extremely small effects of the violation of the 
total lepton number due to Majorana neutrino masses. New experiments on 
the search for Ou/3/3-decsiy sensitive to the value of effective Majorana mass 
at 10~^ eV scale are in preparation and their results are eagerly waited. 
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